BACKGROUND: Hypoxic-ischemic encephalopathy (HIE) is a major cause of neonatal morbidity and mortality. Therapeutic hypothermia (TH) is the only available intervention, but neuroprotection is incomplete and variable. Seizures are common in infants with HIE undergoing TH and may worsen outcome. Phenobarbital (PB) is sometimes added, although use of prophylactic PB is controversial in the neonate. We hypothesize that prophylactic PB will not reduce, and may enhance, the neuroprotective effects of TH on brain injury and motor outcomes in the postnatal day 10 (P10) hypoxicischemic (HI) rat. METHODS: P10 rat pups were subjected to unilateral HI and 4 h recovery with: normothermia (N); hypothermia (TH); and hypothermia with phenobarbital (TH+PB). Brain damage was assessed longitudinally at 24 h and 2 weeks using brain magnetic resonance imaging and 12 weeks using histochemical analysis. Motor function was assessed with the beam walk and cylinder tests. RESULTS: TH and TH+PB induced neuroprotection, as measured by global brain damage score and improved motor function. Exploratory analyses suggest that TH+PB may confer enhanced protection, especially to the extent of damage. CONCLUSION: Prophylactic PB with TH is not deleterious and may provide additional long-term neuroprotection, including improvement of motor outcomes following HI in the termequivalent, neonatal rat.
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BACKGROUND: Hypoxic-ischemic encephalopathy (HIE) is a major cause of neonatal morbidity and mortality. Therapeutic hypothermia (TH) is the only available intervention, but neuroprotection is incomplete and variable. Seizures are common in infants with HIE undergoing TH and may worsen outcome. Phenobarbital (PB) is sometimes added, although use of prophylactic PB is controversial in the neonate. We hypothesize that prophylactic PB will not reduce, and may enhance, the neuroprotective effects of TH on brain injury and motor outcomes in the postnatal day 10 (P10) hypoxicischemic (HI) rat. METHODS: P10 rat pups were subjected to unilateral HI and 4 h recovery with: normothermia (N); hypothermia (TH); and hypothermia with phenobarbital (TH+PB). Brain damage was assessed longitudinally at 24 h and 2 weeks using brain magnetic resonance imaging and 12 weeks using histochemical analysis. Motor function was assessed with the beam walk and cylinder tests. RESULTS: TH and TH+PB induced neuroprotection, as measured by global brain damage score and improved motor function. Exploratory analyses suggest that TH+PB may confer enhanced protection, especially to the extent of damage. CONCLUSION: Prophylactic PB with TH is not deleterious and may provide additional long-term neuroprotection, including improvement of motor outcomes following HI in the termequivalent, neonatal rat. P erinatal asphyxial brain damage resulting in hypoxicischemic encephalopathy (HIE) is a major cause of acute neonatal mortality and chronic neurological morbidity in infants and children (1,2); 20-50% of infants with HIE die within the newborn period; up to 25% of survivors exhibit permanent neuropsychological handicaps. Therapeutic hypothermia (TH) is considered standard therapy for term newborns at risk for evolving encephalopathy (3) . Multiple randomized controlled clinical trials have demonstrated significant reduction in death and neurological disability in newborns with HIE treated with TH (4) (5) (6) . However, neuroprotection is variable among treated neonates and long-term outcome is not well defined. Thus additional preclinical studies are needed to explore adjunct therapies to improve the efficacy of TH in a larger population of affected newborns.
There have been multiple experimental investigations into TH, alone and with other adjunct therapies in neonatal rodents; the results are variable. Most animal studies used the P7 rat model as originally described (7) . However, the P7 rat brain more closely approximates a preterm 32-36 week gestational age infant, potentially making it less relevant to the full-term newborn, for which TH is currently approved (8). Our laboratory recently described a reproducible, preclinical model of HI plus TH in the more relevant, P10-12 animal, which closely approximates a full-term 36-40 week (gestational age) infant (9) . With this model, we demonstrated that TH reduces neurodegeneration and improved outcome after HI with significant long-term protection beyond 10 weeks of recovery (9) .
Seizures are common in infants with HIE undergoing TH and may exacerbate brain injury (10, 11) . In the Cool Cap Study, seizures at enrollment were evident in approximately 60% of patients and had a negative impact on neurodevelopmental outcome (12) . Phenobarbital (PB), a gamma-amino-butyric acid (GABA) agonist, is recommended as the first-line antiepileptic drug to treat seizures in infants (13, 14) . Seizures are often intractable once initiated (14) , making the prophylactic use of antiepileptic drugs prior to seizure onset a potential option. There have been limited animal and clinical studies investigating the adjunctive neuroprotective effect of combining TH with PB, with conflicting results (15) (16) (17) (18) . Additionally, the timing of administration of the drug varied among these studies, which may have impacted outcome.
There are controversies surrounding the use of prophylactic PB due to its potential effect on neuronal apoptosis in rodent models (19) (20) (21) (22) . However, these studies were performed in otherwise healthy animals as compared with animals with HI brain injury, in which the neuroprotective benefits of PB may outweigh the risks of potential apoptosis. Therefore, the adjunctive neuroprotective effect vs. risk of prophylactic PB with TH in HIE on long-term outcomes remains unclear and warrants further study. Thus the objective of this initial study was to determine whether prophylactic PB is an effective, and not deleterious, additive intervention with hypothermia for neuroprotection following HI in the term-equivalent neonatal rat. The primary hypothesis was that TH+PB is at least as protective as TH alone, with additional statistics to explore a potential benefit of adding PB over TH alone. We intentionally aimed for a moderate insult in order to demonstrate either enhanced neuroprotection or injury exacerbation from PB-induced cell death. The study was designed to evaluate each animal longitudinally and examine differences across treatments at each time point. Our primary outcome measures included both neuroanatomic and motor function but not the effect of PB on seizure modulation.
METHODS

Animal Model of Unilateral HI Plus Hypothermia
Timed pregnant Wistar rats (Charles River Laboratories, Wilmington, MA) in groups of three were purchased on embryonic day (E) 15, housed individually, and allowed to deliver vaginally. On the day of birth, pups were randomized among the 3 dams, 10/litter, with equal male and female pups. On the day of the experiment, we weighed all of the animals and excluded animals that were not within our average weight range for P10 pups of 18-22 g. Each HI experiment then involves 20 animals. Unilateral HI was induced in the right hemisphere at P10 according to our standard protocol permanent ligation of the right common carotid artery, 90 min recovery with the dam, followed by hypoxia (8% O 2 /balance N 2 ). Determination of the relation between duration of hypoxic exposure and pathological end point is a standard part of our procedure prior to each set of experiments. Preliminary validation experiments confirmed that a hypoxic duration of 80-85 min produced predominantly moderate damage and was utilized for this set of experiments. During hypoxia, the temperature in the chamber was maintained at 34.5°C to achieve an average rectal temperature of 36-36.5°C (nesting temperature), monitored in two non-ligated pups (Physitemp, Clifton, NJ). Following hypoxia, pups were randomly assigned to three groups: normothermic (N), therapeutic hypothermia (TH), and therapeutic hypothermia+phenobarbital (TH+PB). The goal was for six pups/experimental group plus two naive controls, adjusted as necessary due to deaths during HI. Pups were injected subcutaneously with 0.1 mL (20 mg/kg) of either phosphate-buffered saline (N, TH) or PB (TH+PB) within 10 min of completion of HI and again 30 min later (total dose of 40 mg/kg). TH was achieved as previously described (9) . Briefly, pups in both the hypothermic groups were placed in open jars in a water bath (28-30°C) to maintain a target rectal temperature of 32°C; normothermic pups were maintained in the original chamber at 34.5°C in room air for 4 h. Rectal temperatures were monitored hourly. A total of six pups died either during or shortly following HI. Pups were returned to the dams, adding non-experimental littermates to maintain litters of 10, and weaned at P21. In this series of experiments, one of the litters exhibited weight loss following the 24 h magnetic resonance imaging (MRI), attributed to maternal neglect, and were removed from the cohort, resulting in a total of 39 experimental animals to which we added 1-2 naive controls depending on the analysis. Animals were randomly divided into three groups as follows: N (n = 9), TH (n = 15), and (TH+PB (n = 15). Following MRI and behavioral analyses, animals were deeply anesthetized with a fatal dose of pentobarbital prior to perfusion fixation with 4% paraformaldehyde. All procedures were approved by the Weill Cornell Medical College Animal Care and Use Committee (IACUC).
MRI Analysis
Acquisition of images: T 2 -weighted images were acquired at 24 h and 2 weeks post-HI using a RARE sequence on a Bruker Biospec 7.0-T MR (Bruker Biospec Corp., Billerica, MA, USA) scanner with the following acquisition parameters: RARE factor 10, matrix 256 × 256, field of view 20 × 20 mm 2 , slice thickness 1 mm, 17 contiguous coronal sections at P11 and 20 contiguous coronal sections at P25; TR eff = 2,191.1 ms at P11 and 25.8 ms at P25, TE eff 42.9 ms. A 72 mm Bruker linear coil was used for excitation and a quadrature brain coil was used for signal reception. MRI images from Bregma 2.52 to − 5.40 (8 images) were given gross and regional (cortex, hippocampus, thalamus) damage score according to the ordinal scale as previously described (9) . This simple scale scores damage across the spectrum from mild to severe with: 0, no damage; 1, mild "atrophy" only; 2, moderate, "atrophy" with ventriculomegaly; 3, moderatesevere, 10-25% infarct; 4, severe, 25-100% infarct; and 5, bilateral injury. It should be noted that the reduction in hemispheric size noted as "atrophy" is not classic atrophy but represents the dynamic balance between cell and ongoing growth of healthy tissue. Regions of interest were traced using the Image J software (NIH, Bethesda, MD) and results used in the exploratory analyses are presented in Table 1 .
Histochemical Analysis
Following MRI and behavioral analysis, animals were deeply anesthetized with a fatal dose of pentobarbital prior to perfusion fixation with 4% paraformaldehyde. Brains were removed, (24), each animal was placed into a clear cylinder for 3 min. Exploratory behavior was recorded by a video camera, and the use of ipsilateral, contralateral, and both forepaws were scored during the vertical exploration along the cylinder walls; frequency of reliance on ipsilateral forepaw and both forepaws was used as an unambiguous measure of motor impairment. There were no exclusions from the cylinder test; all animals were included.
Statistics
All values are expressed as mean ± SEM. Hypotheses were one-tailed reflecting the hypothesis that TH, TH+PB and, for behavior, nonischemic control groups would show less severe brain damage and behavioral deficits than the N group. Protective effects of TH and TH +PB on brain injury were assessed with analysis of variance (ANOVA) or multivariate ANOVA tests as stated in Results with Dunnett's post hoc tests with the N group as the reference. Exploratory analyses of relative protective effects of TH+PB vs. TH on global brain damage, and specifically on neocortex, hippocampus, and thalamus, were assessed with a multivariate ANOVA within the three brain regions as the multiple outcomes across the three post-HI time points. Comparisons of TH+PB to TH on behavior were conducted with ANOVA with covariates as described. The observed effect size (25) was derived from an exploratory pairwise comparison between treatment groups, and the estimated sample size (26) was required to test the hypothesis (H1) that combined TH+PB treatment has a significantly greater therapeutic benefit than TH alone. Effect sizes estimated from these analyses were used to estimate sample sizes needed to detect a pairwise difference at a power of 40.9.
RESULTS
PB does not Alter Animal Temperature Profile During Hypothermia
PB administration can itself lower body temperature, which might confuse the effects of TH. To examine this effect, P10 pups were treated with the same dose of PB, or saline, to be used in the full study (4 pups/group), placed in the temperature-controlled chamber, and body temperature was measured over 4 h. The mean temperature of the PB-treated pups was 37.0 ± 0.2, which did not differ from the control group of 37.4 ± 0.4. During each subsequent experiment, core body temperature of each animal was monitored using rectal temperature probes during the 4 h of hypothermia. There were no significant differences (P ⩾ 0.05, unpaired t-test) between mean temperatures at any time point for the hypothermia alone (TH) vs. hypothermia and PB (TH+PB) treated animals ( Figure 1 ).
PB with Hypothermia Confers Both Early and Long-Term Neuroprotection
Brain damage was evaluated longitudinally with in vivo brain MRI at 24 h and 2 weeks post-HI and post-mortem at 12 weeks (following completion of behavioral testing) using histologically processed brain sections. The images depicted in Figure 2 demonstrate the progression of injury/repair in representative animals from each group. MRIs and histological sections for all of the animals were analyzed using our standard damage score system (9) as described in Methods section.
Global protection. Figure 3a -c show the distribution of individual global damage scores for the 3 groups at 24 h, 2, and 12 weeks, respectively. A mixed two-way ANOVA showed a significant effect of treatment (Po0.05) on global damage scores, and changes over time post-HI (Po0.05). Across time points, the ranking across groups was TH+PBoTHoN. Dunnett's post hoc comparisons of time-average damage scores showed significantly lower damage for the TH and TH +PB groups, relative to the normothermic group (Figure 3d) .
PB with Hypothermia Preserves Hemispheric Brain Volume
Whole hemispheric brain volumes were calculated for ipsilateral and contralateral hemispheres on 2-week MRIs. Articles | Krishna et al.
Examination of individual ipsilateral/contralateral ratios is a measure of extent of growth of the injured, relative to the contralateral, hemisphere. An abnormality in the contralateral hemisphere is determined by comparison with control. Contralateral volumes were not significantly different from controls in any group (P40.05) (Figure 4a ). We noted a significant increase in the hemispheric ratio across the three groups: N 0.77 ± 0.04, TH 0.84 ± 0.03, TH+PB 0.92 ± 0.03, Po0.01, ANOVA (Figure 4b ). Hypothermia alone did not significantly protect brain volume (P40.05) in this cohort of animals. However, hypothermia coupled with PB led to a significant increase in this ratio (Po0.01).
PB with Hypothermia Improves Motor Function
To characterize protection of sensorimotor function conferred by TH and TH+PB, rats were tested as young adults (P50-70) on the beam walk and cylinder tests ( Figure 5 ). TH and TH+PB animals showed improvement in beam walking (Figure 5a ). Treatment group × beam difficulty × side ANOVA showed highly significant differences in the frequency of slips across treatment groups (Po0.01) and side of body (left4right; Po0.001); Normothermic rats were significantly impaired relative to all other groups (Dunnett's post hoc comparisons, Po0.05). TH and TH+PB treatments each produced significant improvement relative to N (Po0.05, Po0.01, respectively).
Normal rodent behavior in the cylinder test is to rear, either standing free on back legs or contacting the wall with one forepaw or the other, with more contacts by the dominant forepaw (24) . Impairment is indicated by preferential use of the forepaw ipsilateral to the lesion, alone or both forepaws simultaneously. Relative to N, TH and TH+PB animals showed significantly less use of the ipsilateral forepaw (Figure 5b) , (Po0.05, TH; Po0.01, TH+PB).
Exploratory analyses comparing TH+PB to TH. The above data suggest that adding PB to TH may augment the neuroprotective effects of TH, which would be important to test with future studies. Exploratory analyses of treatment were run to estimate the effect sizes of TH+PB compared with TH and the sample sizes needed to detect this difference with statistical significance ( Table 1) . Table 1 shows the results of these analyses for global damage scores and for regions of interest, i.e., neocortex (Ctx), hippocampus (Hipp), and thalamus (Thal), as well as behavior. Relative to behavior, neuroanatomical measures are more sensitive to the potential benefit of PB, with regional effect size ranking Ctx4Hipp4Thal.
DISCUSSION
To our knowledge, this is the first study that has demonstrated an enhanced, long-term neuroprotective effect of prophylactic PB with TH following cerebral HI in the neonatal rat. This study used the P10 animal to more closely model the clinical situation of TH following intrapartum HI in the term infant, for whom cooling is the standard practice (8, 9) . Neuroprotection was notable for a reduction of gross and regional brain damage scores at 24 h and 2 weeks on MRI and 12 weeks on histology ( Figure 2 ) coupled with an increase in ipsilateral/contralateral hemispheric brain volume ratios at 2 weeks on MRI (Figure 4 ). TH and TH+PB also improved motor function on both the beam walk and cylinder tests. Hypothermia alone conferred long-term neuroprotection at 2 and 12 weeks post-HI, but not at 24 h, consistent with previously reported data from our laboratory (9) . Our previous study demonstrated more significant neuroprotection with cooling than we report here. However, that study was performed with a larger number of animals and the significant effect of cooling was seen only when animals were divided into moderate and severe cohorts.
Animal-to-animal variability in this model is well known. Since the original publication in 1982, we, and others, have made numerous technical adjustments to minimize the variability, including controlling litter size, reduced time of anesthesia, and prewarming prehypoxia. However, as in human infants, there is still a variable response to HI, ranging from none to mild, moderate, or severe. In this study, as in all studies in our laboratory, we first validate the relation between duration of hypoxia and degree of injury. For the purpose of this study, we aimed for a moderate degree of brain injury, which increases the variability. Additionally, the therapeutic effect of hypothermia is also variable, with the greatest benefit in the context of moderate injury in both clinical trials and experimental studies. A mild degree of injury could have limited the ability to detect an effect of the hypothermia alone, as we previously reported (9), or combined with PB. However, although TH is protective in the context of a severe insult (9), it might have been difficult to detect potential exacerbation of cell death due to PB itself. Articles | Krishna et al.
Importantly, in addition to the protective effects of TH+PB on brain damage, the present study demonstrated reproducible improvement on motor function using two different functional tests. Defects in locomotor and cognitive function are common in children with HIE and experimental animals following unilateral HI (27) . An effective neuroprotective intervention must include long-term functional improvement, in addition to reduction in brain damage. Injury to the ipsilateral sensorimotor cortex is characteristic of this animal model and the resulting motor impairments can be reliably detected by both the beam walk test (23) and cylinder test (24) . Rat pups treated with combined TH+PB showed highly significant improvement of motor function, relative to their corresponding normothermic littermates, assessed with both beam and cylinder test. We did not perform novel object recognition, a behavioral test of temporal lobe-mediated object memory, as our previous study did not show any differences between N and TH animals (9) .
Previous clinical studies have examined the use of PB as a neuroprotective agent. A small prospective, randomized clinical trial showed that 40 mg/kg of PB given to non-cooled, term infants with perinatal asphyxia did not reduce the incidence of clinical seizures but reduced the incidence of cerebral palsy at 3 years of age (18) . Two retrospective clinical studies examined the adjunctive use of PB with cooling with opposing results. One found that prophylactic PB with cooling led to a significant reduction of clinically detectable seizures and was associated with improved neurodevelopmental outcome at 18 months (17). However, another study found that PB with cooling was associated with an increase in death or abnormal brain MRI (16) . These clinical studies were limited by small size, retrospective design, and a more severe degree of encephalopathy in the PB group in the latter study.
We speculate that PB may act via several mechanisms, including a reduction of seizure burden and cerebral excitation. HIE is a common cause of seizures that have been show to worsen outcome in infants with HI brain injury (28) . Although hypothermia alone has antiepileptic effects (29) , seizures often persist (30, 31) . PB exerts a cerebral inhibitory effect by prolonging and potentiating the action of GABA on the GABA A receptor leading to hyperpolarization of neurons (32) . One study found that PB reduced the amplitude and propagation of seizures in term infants with varying etiologies, including HIE (33) . Other potential neuroprotective mechanisms of PB include decreased cerebral metabolism and oxygen consumption, stabilization of neuronal cell membranes, and reduced free radical generation (34) . A secondary analysis of the Whole Body Hypothermia Trial demonstrated that PB administration prior to cooling was associated with lower mean temperatures and a shorter time to hypothermic temperatures (35) . It is unlikely that PB acted via modulation of temperature in the present study, as we found no significant difference in the temperature profile of TH or TH+PB animals. Significant controversies remain surrounding the use of PB in the neonate due to potential enhancement of neuronal apoptosis. PB given to healthy, P7 rats resulted in profound apoptotic neurodegeneration with a dose-dependent response in several studies (19) (20) (21) (22) . A second study in P7 rats found that PB resulted in hippocampal neuronal degeneration and a decrease in the expression of glutamate receptor subunits (33) . However, these studies were performed in healthy, preterm equivalent animals, coinciding with the brain growth spurt period (22) , and not in termequivalent animals subjected to HI with or without subsequent hypothermia, as in our study. Furthermore, evidence of PB-induced neuronal apoptosis has only been demonstrated in animal models and not in human studies. Additionally, these studies evaluated acute effects on apoptosis (24 h) with no long-term neuropathological, functional, or behavioral outcomes. The present study evaluated long-term outcomes and demonstrated a lasting improvement both on brain growth and on motor function in animals treated with PB and cooling. HI is a known cause of neuronal apoptosis and necrosis; however, hypothermia is neuroprotective by reducing both pathways of cell death (36) . Our study did not specifically examine apoptosis, however, we found better preservation of ipsilateral brain volume 2 weeks after HI with the combined use of hypothermia and PB. Contralateral hemispheric volumes, which were also exposed to PB, were not altered as compared with control volumes. This likely indicates a lack of significant cell death due to PB. Therefore, the data suggest that the neuroprotective benefits of PB with hypothermia after HI may outweigh the potential risks of neuronal apoptosis caused by PB itself. A major strength of this study is the longitudinal evaluation of each animal from initial injury through to behavioral outcome and histochemical analysis. In the context of the large main effects of treatment observed in this study, this approach can be used to analyze the time course of recovery for each treatment. Moreover, this design allows for examination of neuropathological-behavioral correlations over time, harnessing the well-known animal-to-animal viability within the HI model. The exploratory analyses of treatment in specific brain regions of interest suggested regional differences in the protection conferred by TH and TH+PB. Future studies could be designed to determine regional differences in protective effects of treatment.
A limitation of this study is the absence of behavioral and electrophysiological data on seizure burden and lack of pharmacokinetic data for PB. Assessing these variables was beyond the scope of the present study, which was an initial proof of principle of the therapeutic potential of adding PB treatment to TH. Another slight limitation was the immediate initiation of treatment following HI, rather than testing efficacy over intervals.
In conclusion, prophylactic PB with hypothermia following HI confers long-term neuroprotection as demonstrated by a reduction of brain injury and improvement of motor function in the term-equivalent, neonatal rat. The extent of this protection is at least as strong as TH alone and may warrant future studies to determine added benefit (37) .
